The propagation of sound in complex flows is a critical issue for many industries. Most Computational Aero Acoustics (CAA) propagation solvers currently in use in industry are based on the full potential theory which cannot take into account the propagation through complex sheared flows. To better represent the physics at hand, particularly when dealing with turbomachinery noise radiating through engine exhausts including sound refraction through the jet shear layer, it is necessary to solve the Linearised Euler Equations (LEEs). The most popular method for solving the LEEs in the time domain is the high-order Discontinuous Galerkin Method (DGM). Most of the issues associated with this approach (stability, time step design, impedance boundary condition) can be avoided by resolving the LEEs in the frequency domain. However, the method of choice when dealing with this type of equations on unstructured grids is the Finite Element Method (FEM). At high frequency, the standard FEM is known to suffer from large dispersion errors and its straightforward application to the LEEs, which involve up to five unknowns in 3D, is computationally inefficient. An alternative approach based on a higher-order FEM is proposed in this paper. The use of higher-order shape functions allows to reduce significantly the number of degrees of freedom, while maintaining a good level of accuracy. An axisymmetric formulation of the LEEs is developed in conjunction with perfectly matched layers at the inlet and at the far-field boundaries. The solver is validated with the problem of sound radiation from a semi-infinite duct in the presence of flow.
Introduction
The prediction of acoustic propagation and radiation in flows is an important concern in many industrial applications involving air flows which often generate noise problems. This issue is generally present in the transport, building and power generation industries. In aerospace engineering for instance, a critical application is the prediction of the sound generated by turbofan engines [1] . The main issues related to acoustic propagation on subsonic mean flows, with application to turbofan engines, are discussed in a survey by Astley [2] .
The Linearised Euler Equations (LEEs) have been used to solve acoustic propagation problems in the presence of non-uniform background mean flow. Other models have also been employed (full potential formulation [3] , Pridmore-Brown equation [4] , convected Helmholtz wave equation [5] ). These models provide a good approximation of the physics, for some specific applications, but are not as general as the LEE. The effect of complex sheared flows and the strong refraction through shear layers are better described with the LEEs. This is crucial when dealing with turbomachinery noise radiated through the engine exhaust.
The LEEs can be solved either in the time domain or in the frequency domain. However, solving the LEEs in the time domain leads to the Kelvin-Helmholtz instabilities: the LEEs support both acoustic disturbances and hydrodynamic waves, which are not decoupled in a sheared mean flow [6, 7] . Therefore, an option to circumvent these instabilities is to solve the LEEs in the frequency domain, as suggested by Agarwal in [8] . The method of choice when dealing with this kind of equations on unstructured grids is the Finite Element Method (FEM). But, the use of a direct solver in the frequency domain can lead to serious constraints in terms of computing time and memory. As an alternative, we propose here to solve the LEEs using a higherorder FEM (or p-FEM) [9] . When the standard FEM is based on linear or quadratic shape functions, the p-FEM uses higher-order polynomials. A well-known benefit is that higher-order approximations allow to reduce the mesh resolution of the problem, and therefore the total number of degrees of freedom [10] .
One crucial aspect when designing an efficient computational scheme for exterior propagation lies in the design of non-reflecting boundary conditions. The physical domain is truncated because of the limitation of the computational domain. The governing equations are solved within the finite domain, and appropriate non-reflecting boundary conditions (NRBCs) must be imposed on its borders, so that the outgoing waves are not reflected back inside the domain. Different types of NRBCs have been developed. Amongst them, the Perfectly Matched Layer (PML) technique has been firstly introduced by Bérenger [11] for the absorption of electromagnetic waves. The main advantage of the formulation of the equations in the PML is that, theoretically, any kind of waves is absorbed, regardless of the direction or the frequency. In the last twenty years, many studies have been carried out in order to develop and improve the PML technique [12, 14] .
In this paper, a discretised axisymmetric form of the LEEs is developed in conjunction with PML equations at the inlet and at the far-field boundaries. The solver is validated on a Munt test case: the sound transmission out of a semi-infinite duct is investigated in the presence of flow. This paper is organized as follow: firstly, the equations governing the physics are explained. Then, the different types of boundary conditions are discussed. Section 4 describes the numerical model based on the LEEs. In Section 5 several results and applications are presented.
Linearised Euler Equations
The formulation of the physical problem is based on the general equations of motion, written under some assumptions. The disturbances are isentropic. As a consequence, there is no viscous effect (inviscid fluid) and no heat transfer. We consider a perfect gas, which means that the specific heats are constant. In the following equations, no external load or acoustic source is added. The problem is written in the cylindrical space coordinates (r, θ, z), and the fluid properties are considered independent of θ.
The conservation equations (mass, momentum and pressure) are written for a three dimensional domain V . The normal vector n to the boundary points towards the outside of the domain. The physical field is characterised by five parameters: the mass density ρ(r, θ, z, t), the three components of the momentum vector ρu(r, θ, z, t) and the non-dimensional pressure π(r, θ, z, t), with t the time variable. The non-dimensional pressure defined by Lilley [15] , π, is introduced:
with γ the ratio of specific heats and p ∞ a reference pressure.
Then, the variables are decomposed in two parts in the conservation equations: a base flow component and a perturbation component. This assumption is justified by the significant differences in amplitude between the mean values of the flow and its disturbances [17] . The base flow is independent in time, has arbitrary amplitude, and supports viscous effects and heat transfer. On the contrary, the perturbations are unsteady, have small amplitudes (very small with respect to the amplitude of the base flow) and are isentropic (no viscosity and no heat transfer). In the following, the base flow velocity is only in the (r, z)-plane (u 0 θ = 0) and u 0 = (u 0r , 0, u 0z ). The decomposition is introduced in the conservation equations and the linearisation leads to the Linearised Euler Equations. The LEEs are written for the perturbations of the conservative variables: the mass density ρ , the momentum (ρu) and the non-dimensional pressure variable π . The subscript 0 is related to the base flow component and the superscript represents the perturbations.
Vector q is introduced, containing the five conservative perturbations: the mass density ρ , the r-component of the momentum (ρu r ) , the θ-component of the momentum (ρu θ ) , the z-component of the momentum (ρu z ) and the non-dimensional pressure π . Assuming an e +jωt time dependency, the derivatives with respect to time are replaced by jω in the equations (with ω the angular frequency). Also, four square matrices A r , A θ , A z and A c are introduced. These matrices contain the coefficients of the equations, composed of the flow properties. Finally, the three dimensional linearised Euler equations are given in the cylindrical coordinates:
with, 
For engine exhaust noise problems, the fields can be decomposed in duct modes contributions. The solution can be written into the following form:
where m is the azimuthal mode. This dependency of the field in θ is used for converting the 3D problem into a 2D problem for the coordinates (r, z). Thus, the integer m being given, the axisymmetric LEEs, written for the variable q (r, z), follow:
In the following the 2D (r, z)-plane is called Ω.
Boundary conditions
While solving a numerical problem, the truncation of the domain is necessary for limiting the computational costs. As a consequence of this requirement, robust and accurate boundary conditions must be defined. The definition of boundary conditions for LEEs is not straightforward because they support different types of physics (acoustics, vorticity and entropy). In the following paragraphs, short descriptions of the different boundary conditions necessary for solving our numerical test cases are presented.
Axial symmetry
When solving axisymmetric problem the definition of the boundary conditions at the symmetry axis is necessary. The condition along the boundary, at r = 0, must verify the continuity of the fields. For a cylindrical geometry, depending on the value of the azimuthal mode m, this condition is defined for the conservative variables:
Hard wall
At the walls of an engine exhaust for instance, assumed hermetic and acoustically rigid, the waves are completely reflected and no flow passes through the hard wall. Therefore, applying a slip wall boundary condition, the normal velocity fields at the boundary are equal to zero:
with n the normal vector to the wall.
Perfectly Matched Layer
The truncation of the physical domain leads to reflections at the domain boundaries. These reflected waves will propagate back into the domain and deteriorate the numerical solution. The purpose of the boundary conditions is then to reduce these reflections to the minimum. Therefore, while building a truncated numerical model, one has to pay attention to the type of boundary conditions that are applied. It is necessary to impose non-reflecting boundary conditions (NRBCs) so that the outgoing waves are not reflected back inside the domain. Different types of NRBCs have been developed over the years. Nowadays, a very common technique is the Perfectly Matched Layer (PML): an extra damping zone is created around the computational domain, for absorbing the outgoing waves and reduce the reflections in the computational domain.
The main idea of the PML stands in the transformation of the real physical coordinates into the complex plane, by simply adding an imaginary part to the coordinates. For instance, considering a wave propagating in the z-direction, a popular way of expressing the new complex coordinatez in the PML is:
with f z a function of the real coordinate z and k 0 = ω/c 0 the standard wave number (c 0 being the speed of sound in the fluid). f z is often written as an integral:
where L is the z-coordinate of the interface between the physical domain and the PML. Usually, f z is called the stretching function and σ z is the absorption function.
In order to ensure the absorption in the PML, the stretching function f z needs to verify a few properties:
• The continuity of the z-coordinate at the interface between the physical domain and the PML requires that the stretching function vanishes at
• To guarantee the absorption of the waves leaving the domain, the stretching function increases mono-
where d is the length of the PML).
• The value f z (L + d) of the stretching function at the PML outlet is large enough to have insignificant reflections in the domain.
In presence of flow, a simple classical PML is inefficient for the so-called duct inverse upstream modes, which would make the numerical solution blow up. These modes have a positive group velocity ∂ω/∂k z and a negative phase velocity ω/k z (for left-to-right propagating modes). More generally, inverse upstream modes are characterised by:
with k z the axial wave number. In [16] , Bécache et al. propose a modified formulation of the PML for the convected Helmholtz equation (for uniform flows), in order to solve this issue and absorb the inverse upstream modes. The idea is to apply a translation of the wave numbers into the complex plane, so that they are now located in the lower half of the complex plane. This transformation is equivalent to applying a change of the time coordinate in the PML:
where λ z is the correction coefficient. The most appropriate value of this parameter is shown to be:
where M = u 0z /c 0 is the axial Mach number (u 0z being the axial flow velocity). Note that this transformation is equivalent to the one proposed by Hu [13] , and generalised for non-uniform mean flows.
Applying the previous space-time transformation ((r, z, t) → r,z,t ) to Equation (7), the LEEs are obtained for the modified coordinates and the field variablesq in the PML:
wherer is the modified coordinate in the r-direction, γ r = dr/dr and γ z = dz/dz.
Active Perfectly Matched Layer
The injection of waves inside the physical domain can be done in different ways. A simple technique consists in injecting the solution field directly at the inlet boundary, using the method of characteristics. An alternative consists in using the PML to impose the incoming waves and absorb the outgoing waves. This active PML is obtained by applying the PML equations to the reflected field only (see for instance [18, 19] ). Writing the total fieldq in the PML as the sum of an incident fieldq in and a reflected fieldq re ,q re =q −q in , the axisymmetric LEEs for the injection of waves in the PML read:
Numerical method
The Finite Element Method (FEM) is the most commonly used numerical prediction tool in engineering.
Its robustness can deal with inhomogeneous media and complex geometries. The system of linearised Euler equations is converted into an integral weighted residual formulation, by introducing a set of weighting functions, bounded and uniquely defined within the physical domain and its boundary. In order to complete the definition of the problem, and in addition to the set of LEEs, the boundary conditions are defined.
Through the discretisation of the physical domain and the approximation of the field variables in terms of a set of shape functions locally defined within the subdomains, the unknown degrees of freedom are then determined within each element. Solving the LEE in the frequency domain is a solution to suppress the Kelvin-Helmholtz instabilities [8] . But, the use of a direct solver in the frequency domain can lead to serious constraints in terms of computing time and memory. The higher-order finite element method (p-FEM) is used to minimise this drawback. In [9] , Solin et al. present the basic principles of the p-FEM.
The construction of a higher-order finite element model is a multiple-step procedure based on the physical equations and the weighted residual formulation. The approximation of the field variables is made by defining a geometrical mesh and through an adequate set of higher-order shape functions. This procedure is briefly explained in the following paragraphs.
Weighted residual formulation
The use of the finite element method for solving the above physical problem is based on its transformation into an equivalent integral formulation. The method of weighted residual is applied. The basic idea is to minimise the integral of the residual of the problem. An integration by parts of this minimisation problem finally provides the weak form of the weighted residual formulation for the perturbation variables in the computational domain:
with n r and n z respectively the r-component and the z-component of the normal vector n to the boundary line Γ. The matrix F = γ z n r A r +γ r n z A z represents the fluxes of q along the n direction. This formulation is valid both in the physical domain and in the PML, considering that in the physical domain λ z = 0, γ r = γ z = 1 andr = r.
Higher-order finite element model
The expansions of the field variables, are substituted into the integrals of the weighted residual formulation shown in Equation (16) . A system KS = Q is obtained, where the matrix K contains the different contributions of the physical integrals, Q is the source vector and S is the solution vector.
The main characteristic of this model is that the matrix K is sparse and the system is directly solved. In the higher-order finite element method, the number of degrees of freedom depends on the polynomial order of the shape functions. In the classical FEM, the shape functions are linear, and their number is the same as the number of nodes. On the contrary, in the p-FEM, the space base of the polynomial in not limited to linear nodal functions, but is enriched with the edge and bubble shape functions. Different kinds of polynomial functions have been developed in the literature (Legendre, Lobatto, Kernel) [9] . In our code, a set of Lobatto shape functions is used.
Implementation of the boundary conditions
The boundary integral in the right-hand side of Equation (16) contains the boundary conditions of the problem. The axial symmetry boundary condition is set by directly imposing the value of the field, according to the conditions written in Equation (8). The hard wall conditions are applied using the method of characteristics: the boundary integral is modified by diagonalising the flux matrix F and expressing the outgoing waves in terms of the incoming waves.
At the outlet of the PML, the fieldq is set to zero. Note that in the active PML, only the reflected fieldq re is set to zero.
Results
In the following paragraphs, the authors present the results obtained for solving the 2D LEEs using a homemade p-FEM code. In the first section, only the propagation inside a duct is investigated. In the second section, the Munt problem is presented and the results are discussed.
Propagation in 2D duct
First, the weighted residual formulation of the 2D LEEs is implemented for a simple infinite straight duct problem. The computational domain is a truncation of a longitudinal section of the duct. The domain is
with L the length of the truncated duct and H its height. Hard wall boundary conditions are applied at y = 0 and y = H. The method of characteristics is used to inject a mode in the duct (at x = 0) and to close the problem at the outlet of the computational domain (x = L). The modes are propagated in the duct for a fixed geometry: L = 2 m and H = 1 m. The mesh is unstructured and composed of triangle elements. Figure 1 shows the geometry of the problem and the corresponding mesh. The characteristic mesh size of an element is h = 0.1 m.
In the following, a frequency f = 541.6 Hz is considered. The corresponding angular frequency is ω = 3402.7 rad/s. The fluid properties are γ = 1.4, ρ 0 = 1.225 kg/m 3 , c 0 = 340.27 m/s. The numerical solution is compared to the theoretical one, obtained by solving analytically the LEEs. Figure 2 shows the propagation of the acoustic plane wave in the duct, with flow (M = u 0 /c 0 = 0.4). The order of the shape functions is p = 3. The numerical and analytical solutions are compared: density, pressure and momentum are plotted. The numerical and analytical solutions match very well. In that case, the L 2 -errors for the different variables are computed as follow, for a given variable χ:
with χ n and χ a respectively the numerical and analytical solutions. The errors are: E 2 π = E 2 ρ = 0.016% and E 2 ρux = 0.046%. As expected, the r-component of the momentum is equal to zero. One of the major interests of solving the LEEs is that they contain not only the acoustic waves, but also vorticity and entropy waves. Figure 3 represents the colormaps of the real parts of the momentum components of the first vorticity mode, at the same frequency. In that case, the vorticity wave number is k v = ω/u 0 = 25 m −1 and the wavelength of the mode, λ v ≈ 0.25 m, can be observed on the colormaps. The numerical errors are: E 2 ρux = 0.11% and E 2 ρuy = 0.0068%. In order to demonstrate the efficiency of the p-FEM, some convergence curves are plotted, representing the L 2 -error as a function of the order of the shape functions, p varying from 1 to 9. Figure 4 shows the nondimensional pressure L 2 -error for the first three acoustic modes (cut-on) at frequency f = 541.6 Hz, for a downstream flow (M = 0.4) and an upstream flow (M = −0.4). First, the exponential decrease of the error as the order increases is clearly visible. Also, the error level is higher for the acoustic propagation in an upstream flow. That is predictable because an upstream flow reduces the wavelength and the wave propagation is more difficult to approximate. It can also be observed on the expression of the acoustic wave number k x :
where k 0 = ω/c 0 is the standard wave number and k y = mπ/H is the transverse wave number.
Then, as expected for the downstream flow, the error increases with the mode number: the number of oscillations in the transverse direction increases with the mode number, and at given mesh refinement h and interpolation order p the approximation becomes less accurate.
Finally, the efficiency of the p-FEM method can be shown with respect to the standard FEM. At the same frequency, with upstream flow M = −0.4, and for the acoustic plane wave, we attempt to obtain a 1% L 2 -error for all variables, using both methods. Applying the classical FEM with quadratic shape functions (p = 2), a mesh refinement of h = 0.022 m is necessary to obtain the following L 2 -errors: E 2 π = E 2 ρ = 0.14% and E 2 ρux = 0.96%. This corresponds to 77132 degrees of freedoms and there are about 17 elements per wave length. On the contrary, using the higher-order FEM and a very coarse mesh refinement of h = 0.5 m, an interpolation order p = 10 gives L 2 -errors lower than 1%: E 2 π = E 2 ρ = 0.17% and E 2 ρux = 0.36%. This p-FEM simulation requires only 1764 degrees of freedom, which represents about 44 times less than the classical FEM using quadratic shape functions. Defining the number of degrees of freedom per shortest wavelength d * λ [5] :
the simulation with classical FEM corresponds to d * λ ≈ 35 and the simulation with higher-order FEM gives d * λ ≈ 8.
Propagation in circular duct and radiation
In the previous section, the efficiency of the p-FEM method is established for the propagation of acoustic, vorticity and entropy modes in a straight duct with flow. In the following, the problem is extended to the Munt problem [20] . The axisymmetric problem is set up for the propagation in a semi-infinite straight duct and the radiation in the near field outside the duct. The modes are injected through an active PML, in which the reflected waves coming back from the physical domain are absorbed. A passive PML is used at the outer boundaries of the computational domain for the absorption of the outgoing waves. A hard wall boundary condition is applied at the duct wall. The axisymmetry condition is enforced at r = 0. Furthermore, the fluid properties are the same as in the previous section. These values are uniform in the whole computational domain. The geometry of the problem is shown in Figure 5 , as well as the unstructured triangle element based mesh. The radius of the duct is R w = 1 m and its length is L w = 2.5 m. The total length of the physical domain is L = 5 m and its height is H = 2.5 m. The figure represents also the positions of the points at which the reference solution is provided, for comparison with the numerical solution. These points are located on a circle of radius 2 m and centered on the point of coordinates (L w , 0). The reference solution is the analytical model presented by Gabard and Astley in [22] , for sound radiation from a semi-infinite duct.
The dimensions d r and d z of the PML (respectively in r-and z-direction) are set with respect to the mesh refinement h, so that there is one element in the PML: d r = d z = h. The stretching functions used for the absorption of the waves in the PML are logarithms, as introduced by Bermudez et al. in [21] . The expressions of the stretching functions f r and f z , depending on the area in the PML, are:
The first case is the no flow condition, for which the base flow is not convected. Two configurations are investigated: firstly, the plane wave (0, 0) is injected at frequency f = 460.3 Hz (Helmholtz number H e = k 0 R w = 8.5), with p = 6, and secondly, the cut-on mode (10, 0) is propagated at frequency f = 1083.1 Hz (H e = 20), with p = 5. In Figure 6 , the colormaps of the real part of the non-dimensional pressure are represented for both configurations. The propagation in the duct and radiation in the near field are observed. The cut-on mode (10, 0) also propagates in the duct, and the radiation from the edge of the wall is remarkable. The outgoing waves are also properly absorbed by the PML. In Figure 7 the real parts of the variables at the reference points are plotted, and compared to the reference solution, for both configurations. The plots on the left-hand-side correspond to the plane wave case and the plots on the right-hand-side are related to the cut-on mode (10, 0) . The values are shown as a function of the directivity angle φ, measured from the positive z-direction. The position of the wall is apparent at angle φ = 127.5
• from the jump of the values of (π) and (ρu z ), corresponding to the values above the wall and below the wall. There is no discontinuity for (ρu r ) as the normal velocity is equal to zero at the wall.
Good agreement between the numerical solution and the reference solution can be observed. For the plane wave, the nodal errors at the reference points are: E 1 π = 1.4%, E 1 ρur = 4.9% and E 1 ρuz = 1.7%. For the cut-on mode, the errors are: E 1 π = 3.4%, E 1 ρur = 4.7% and E 1 ρuz = 2.9%. The second case investigates the efficiency of the model in the presence of flow. A uniform axial mean flow u 0 = 102.08 ms −1 (M = 0.3) is introduced in the whole computational domain. As for the no flow case, two configurations are studied: the plane wave (0, 0) and the cut-on mode (5, 0), both at frequency f = 460.3 Hz (H e = 8.5). The interpolation order is p = 5. The colormaps in Figure 8 show the real part of the z-momentum for the plane wave and the real part of the non-dimensional pressure for the cut-on mode (5, 0). The generation of a vortex sheet at the downstream of the duct wall is clearly visible for the zmomentum. Also, the discontinuity of the field across this vortex sheet is notable. This behaviour is difficult to capture by a numerical method, therefore the mesh used for these simulations has been changed: a coarse mesh h = 0.4 m has been used as a base mesh, whereas a refined mesh along the continuation of the duct wall has been fixed to h w = 0.02 m, as shown in Figure 9 . This allows to better capture the discontinuity generated by the vortex sheet.
The comparison with the reference solution is represented in Figure 10 . The real parts of the non-dimensional pressure and components of the momentum are plotted, for both cases, mode (0, 0) (left-hand-side) and mode (5, 0) (right-hand-side). The numerical solution and the analytical solution present similar variations and the agreement is quite good: the behaviour in the duct is well represented and the peaks due to the fluctuation of the momentum across the vortex sheet are reproduced by the model. The nodal errors for the plane wave are: E 1 π = 0.67%, E 1 ρur = 7.4% and E 1 ρuz = 2.3%. For the cut-on mode (5, 0), the errors are: E 1 π = 0.97%, E 1 ρur = 7.5% and E 1 ρuz = 6.2%. One can notice that the agreement is excellent for the pressure, with an error lower than 1%. On the contrary, the development of vortices at the continuation of the duct wall makes the approximation more difficult for the components of the momentum. But the error remains low. To improve the performance of the model, an adaptivity rule between the mesh refinement and the interpolation order could be applied in a future work: low order p where the mesh is refined and high order p in the coarse mesh area. Furthermore, the numerical solution is compared to the reference solution where the full Kutta condition is activated. This means that all the available vorticity is shed from the duct wall [22] . It is remarkable to observe that the numerical model does account for the vorticity without any particular treatment of the solution. 
Conclusion
In this paper, an efficient 2D higher-order FEM solver for the LEEs is implemented in the frequency domain. Solving the LEEs is of interest because they provide a more general approximation of the physics than other more specific models (full potential formulation or convected Helmholtz equation for instance). The acoustic, vorticity and entropy waves are supported by the LEEs. The use of the higher-order FEM is good way of freeing from the computational costs of a classical FEM.
The model is first validated for the propagation of acoustic, vorticity and entropy modes in duct, applying characteristics boundary conditions. A study of the convergence of the higher-order FEM is done in order to verify the capability of this method. An example of comparison shows that much less degrees of freedom are necessary in the p-FEM than in the classical FEM for obtaining a similar level of error.
The axisymmetric Munt problem is implemented. The propagation of acoustic modes and the radiation in the near field are verified without flow and in presence of a uniform mean flow in the whole domain. PML boundary conditions are applied, both for injecting the modes and for absorbing the outgoing waves. The efficiency of the model is checked in the near field and validated through a reference analytical solution. The method gives very interesting results which are confirmed by the reference solution. The generation of vortices at the continuation of the duct makes the numerical approximation more difficult in this area.
As a conclusion, the axisymmetric 2D p-FEM solver for the LEEs is implemented in the frequency domain, using PML non-reflecting boundary conditions. No additional treatment is added. Besides, the size of the vortices and the discontinuity of the z-momentum through the vortex sheet are issues that should be accounted for. Future work could focus on applying an adaptivity rule for the mesh refinement and the interpolation order, and also therefore the application of some instability treatment for low orders. Then, the performance of the solver could also be assessed by computing the noise radiated through a realistic turbofan engine exhaust, with more complex geometry. PROCEEDINGS OF ISMA2014 INCLUDING USD2014 
